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Transformation of rat inner medullary fibroblasts to myofibroblasts in
vitro. Renal fibroblasts play a major role in the pathogenesis of renal
interstitial fibrosis. This process is associated at least in some forms of
interstitial fibrosis with a differentiation of fibroblasts into myofibroblasts,
characterized by the de novo expression of a-smooth muscle (a-sm) actin
and/or desmin. Both the mechanisms underlying this differentiation and
their effects on cellular function are poorly understood. In vitro studies are
difficult since the phenotypes of fibroblasts in culture have as yet not been
well defined. We have, therefore, examined the phenotype of inner
medullary fibroblasts (IMF) during the transition from in vivo to in Vitro in
various cell fractions derived from the inner medulla of healthy rats. IMF
were positive for the lectin BSL-1 and negative for markers of endothelial
cells. IMF first lost their prominent lipid droplets in vitro. Subsequently
they developed cytoplasmic processes accompanied by a decrease in their
reactivity for the lectin BSL-1 from strong to weak. From day 3 in primary
culture, exclusively these weakly positive BSL-1 cells showed a de novo
expression of a-sm actin (day 4 of primary culture, 75 4%; day 20, 94
2%) and desmin (day 4, 43 8%; day 20, 66 6%), classifying them as
myofibroblasts. This transformation depended on culture conditions. In a
mixed coculture with inner medullary collecting duct (IMCD) cells the
transformation of IMF was largely absent: a significantly greater number
of strong BSL-1 positive cells contained prominent lipid droplets (39 4
vs. 19 4%, P < 0.05) on day 4 of primary culture, and the transition of
strongly to weakly positive BSL-1 IMF was almost completely blocked. By
reducing the seeding density of IMCD cells the effect of this condition on
IMF transformation could be largely abolished. This first detailed pheno-
typic characterization of rat fibroblasts during the transition from in vivo
to in vitro demonstrates that these cells—depending on culture conditions—
differentiate to myofibroblasts within a few days of primary culture and
that subcultured IMF exhibit predominantly this phenotype. The pre-
sented model may serve as a useful tool for the in Vitro study of
myofibroblast formation and the consequences of such a differentiation
for the physiological functions of IMF.
Interstitial fibrosis shows a strong correlation with the progres-
sion of kidney disease to renal insufficiency [1]. This process is
often characterized by an enhanced expression of a-smooth
muscle (a-sm) actin in damaged areas [2—41. The origin of these
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a-sm actin expressing myofibroblasts is still a matter of debate.
Besides a migration of perivenular cells constitutively expressing
a-sm actin into the interstitium [2, 5], a differentiation of fibro-
blasts to myofibroblasts is considered to be one explanation for
this phenomenon especially in species like the rat, which pheno-
typically show no baseline expression of this parameter in the
renal interstitium. So far, both the mechanisms underlying this
differentiation of fibroblasts and their consequences for the
various functions of these cells, like production of extracellular
matrix or their role as a source of hormones, autacoids and
cytokines are poorly understood.
Studies of these questions in vitro have been hampered by the
fact that the phenotype of fibroblasts in culture as well as in situ is
at present not well defined. Although differences such as the
growing characteristics of fibroblasts derived from fibrotic and
non-fibrotic kidneys could be detected even in transfected cells
after many passages [6], significant changes of cell properties
during the transition from in vivo to in vitro and during the
subsequent passages have to be taken into account [7]. As a basis
for further studies on renal fibroblasts under defined conditions in
culture, we were interested in the phenotypic characterization of
this cell type during the transition from in vivo to in vitro.
We chose fibroblasts derived from the inner medulla for our
studies for many reasons. In many respects inner medullary
fibroblasts (IMF), also termed type 1 interstitial cells according to
Bohman [8], closely resemble those of the cortex. The similarities
include, for example, the shape of the cells and of the nuclei, the
intimate contacts with tubules and vessels, the intercellular junc-
tions, the high content of microfibrils, as well as the extent and the
aspect of the endoplasmatic reticulum. Abundant intracytoplas-
mic lipid droplets constitute the only obvious distinctive feature
between fibroblasts of the cortex and inner medulla [8—12]. We
regarded these lipid droplets as a marker for the phenotypically
differentiated cell in vitro. Furthermore, according to anatomical
studies [8—10], fibroblasts represent the unique interstitial cell
type in the inner parts of the inner medulla, in contrast to the
outer medulla and cortex where different interstitial cell types
have to be discriminated [12]. In particular, the inner parts of rat
inner medulla are free of cells like pericytes constitutively express-
ing myofibroblast markers such as a-sm actin and desmin, whereas
it is rather difficult to separate cortical fibroblasts in vitro from
cells constitutively expressing these parameters.
In our experiments we showed that IMF in primary culture have
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Fig. 1. Scheme of the isolation procedure of
the respective cell fractions from rat inner
medulla. Details are in the text.
the potential to differentiate into myofibroblasts. This process was
characterized first by a loss of the prominent intracytoplasmic
lipid droplets, followed by an enlargement of the cells and a
decreased reactivity with the lectin BSL-1. In all experiments only
these cells showed a de novo expression of a-sm actin and/or
desmin. This transformation depended on culture conditions:
whereas a high percentage of cells differentiated to myofibroblasts
in cell preparations enriched with IMF or in subcultured IMF, this
was largely prevented in a mixed coculture with inner medullary
collecting duct (IMCD) cells. The presented model offers the
IMCD cells (o)
)— DBA-coated bead
} Magnetic field
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Table 1. Hormonal stimulation pattern of cell fractions derived from rat inner medulla
Cell fraction
PGE2 production % Intracellular cAMP %
Angiotensin II
50 nM
Bradykinin
100 nM
AVP
I jcM
AVP
1 jLM
Forskolin
1 /tM
N3 (IMF)
P
+39.1 4.2
<0.05
+66.9 10.7
<0.05
+53.1 9.1
<0.05
+22.3 16.8
NS
+434 57.3
<0.05
N2 —3.5 3.6 +36.8 8.8 +38.4 14.9 +4.7 6.6 +343 8.0
P NS NS NS NS <0.05
Ni +25.3 9.4 +10.5 4.5 +13.3 8.7 +19.5 6.9 +883 181
P NS NS NS NS <0.05
IMCD +23.6 6.9 +64.8 16.7 +57.9 10.5 +559 34.7 +937 78.1
P NS <0.05 <0.05 <0.05 <0.05
Only in cell fraction N3 we did observe a significant stimulation of PGE2 production by angiotensin II, bradykinin and arginine-vasopressin (AVP),
suggesting an enrichment of inner medullary fibroblasts (IMF) in this fraction. Results are expressed as percentual change versus control, which received
only solvent. In N3 (IMF) basal levels of PGE2 and cAMP were 4.91 0.34 ng PGE2/mg protein/30 mm and 0.104 0.011 ng cAMP/mg protein/is
mm (N  iS per data point; N = 4 forskolin group).
opportunity to study the process of myofibroblast formation in
vitro, which probably is of critical importance for the understand-
ing of the mechanisms leading to renal interstitial fibrosis.
METHODS
Cell isolation
Cell fractions of the inner medulla were prepared according to
the following protocol (Fig. 1). Male Wistar rats (Zentralinstitut
für Versuchstierzucht, Hannover, Germany; body wt 200 to 250 g)
were sacrificed by cervical dislocation. Kidneys were immediately
removed, and the inner medulla exactly excised. Tissue was placed
in 290 mOsm ice-cold HEPES-Ringer's buffer (composition in
mmol/liter: 118 NaCI, 16 H-HEPES, 16 Na-HEPES, 14 glucose,
3.2 KC1, 2.5 CaCI2, 1.8 MgSO4, 1.8 KH2PO4, pH 7.4). It was
minced with a razor blade and subsequently incubated for 75
minutes at 37°C in the HEPES-Ringer's buffer containing in
addition 0.2% (wt/vol) collagenase (CLS II, Cooper, Frankfurt,
Germany) and 0.2% (wt/vol) hyaluronidase (Boehringer, Mann-
heim, Germany). After 30 minutes 0.001% DNAse was added to
prevent cell clumping, and cells were dispersed by pipetting them
through a fire-polished large bore Pasteur pipette.
After completing the incubation procedure, the majority of the
collecting duct cells in suspension were removed by pelleting them
in a low speed centrifugation step at 28 X g for two minutes. This
centrifugation step was repeated twice. The cells enriched in the
pellet consisted of at least 80% inner medullary collecting duct
(IMCD) cells [13], but also to a minor extent of the other inner
medullary cell types, in particular fibroblasts, as outlined below.
This fraction was designated "IMCD."
The supernatants of the first two low-speed centrifugations
containing the majority of interstitial cells were then centrifuged
at 150 X g for four minutes, and the pellet containing the cells was
resuspended in 1 to 2 ml HEPES-Ringer buffer.
This suspension still contained a substantial number of IMCD
cells, which were removed by binding to beads labeled with the
lectin Dolichos Bifiorus Agglutinin (DBA). In the inner medulla
this lectin binds exclusively to the collecting duct cells [13]. The
beads were prepared by incubating Tosyl-activated beads (10
beads/ml; Dynal Ltd., Oslo, Norway) with avidin DX (10 M;
Vector Laboratories, Burlingame, CA, USA) in 150 mtvt NaCl and
50 mM NaHCO3 (pH 8.5) for 12 hours. After a washing step with
Table 2. Immunohistochemical criteria for the differentiation of inner
medullary cell types
IMF EC Pericytes IMCD tLH
BSL-1 + + + — —
FVIII related Ag
cs-smooth muscle actin
—
— — +
+
—
—
+
—
—
—
—
Desmin —--+ — + — —
Vimentin + + + — — + — — +
Cytokeratin
DBA
—
-
—
—
—
-
+
+
+
-
Anti-I — — — — +
Identification of inner medullary cell types by immunohistological
markers.
The imniunohistological criteria to distinguish the major inner medul-
lary cell types are summarized in this table. Data were derived from
cryosections of intact inner medulla. IMF could be identified by their
positivity for the lectin BSL-1 and negativity for endothelial markers, for
instance, the factor VIII-related antigen. Abbreviations are: IMF, inner
medullary fibroblasts; EC, endothelial cells; IMCD, inner medullary
collecting duct; tLH, thin limb of Henle's loop; —, cells were negative for
this parameter in intact inner medulla but became positive in culture.
a Pericytes were only detectable in a small area close to the outer
medulla, the inner parts of the inner medulla were completely free of this
cell type.
PBS, they were subsequently incubated with 0.5 X iO M
biotinylated DBA (Vector Laboratories) in 150 mM NaCI, 0.1 mM
CaCI2, 10 mrvi HEPES for two hours. Finally, unbound biotinyl-
ated DBA was removed by an additional washing step. The cell
suspension was incubated with the DBA-coated beads (bead/cell
ratio about 30:1) for 10 minutes at room temperature. The
collecting duct cells, bound to beads, were completely removed by
two purification steps in a magnetic field. The cell suspension was
placed on a continous Nycodenz-gradient, which was prepared by
dissolving 28% (wt/vol) Nycodenz [5-(N-2,3-Dihydroxypropylac-
etamid)-2,4,6,-Triiod N N'-bis(2,3-Dihydroxipropyl)-Isophtalamid;
Nycomed AJ, Oslo, Norway] in "solution A" composed of 0.3 mvi
CaNa2EDTA, 5 mivi Tris-HC1, 3 mi KCI (osmolality, 284 mOsm/
liter, pH 7.4). Twenty and 8% Nycodenz solutions were obtained
by appropriate dilution with 7,5% sucrose dissolved in "solution
A." Two milliliters of the 20% Nycodenz solution were overlay-
ered with 3 ml of the sucrose solution in a 15 ml plastic tube. A
continuous gradient was obtained by cautiously putting the tube
A1:1g. 2
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into a horizontal position for about 60 minutes. The self formed 1500 X g for 45 minutes at 4°C. After centrifugation, the gradient
gradient had a density of about 1.052 to 1.093 g!cm3. The cell was separated according to density into the following three
suspension was placed on the top of the gradient and spun at fractions, designated as "niveaus:" (a) Niveau 1 (Ni) comprised
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that part of the gradient with a density of about 1.052 to 1.069
g/cm3; (b) niveau 2 (N2), a density of 1.070 to 1.080 g/cm3; and (c)
niveau 3 (N3) a density of 1.081 to 1.093 g/cm3. The Nycodenz was
removed by two centrifugation steps with culture medium (com-
position is below) and the cells plated in culture wells. If cells were
derived separately from the base and tip of the inner medulla, this
was divided in the middle of its longitudinal diameter into two
parts (Fig. 1). Cells derived from the base or tip were prepared
separately according to this protocol. However, because of the
small cell number, the cells of the tip were not subjected to a
centrifugation over the Nycodenz gradient but plated directly.
Cells obtained from one rat were plated according to the follow-
ing scheme: fraction Ni to N3, 3 wells of a 96-well microtiter plate
(or equivalent area); collecting duct base, 8 wells; collecting duct
tip, 4 wells; and supernatant tip, 2 wells. To reduce seeding density
of collecting duct cells, the cell suspension was diluted 1:3 or 1:9
with culture medium before plating.
Cell culture
Isolated cells were kept in Dulbecco's modified Eagle's Me-
dium (DMEM) and Nutrient Mix Ham's F12 (1:1), supplemented
with glutamine (2 mM), sodium-pyruvate (1 mM), nonessential
amino acids (1% vol/vol), penicillin (50 U/ml), streptomycin (50
U/ml) and 10% fetal calf serum (all components from GIBCO,
Eggenstein, Germany). If a serum-free medium was used, serum
was replaced by triiodothyronine (5 pM), hydrocortisone (50 nM),
transferrin (5 jig/mI), bovine insulin (5 jig/mI) and sodium
selenite (10 nM) (all components from Sigma, Deisenhofen,
Germany). Cells were grown on collagen coated (20 jig/cm2,
collagen type VII; Sigma) supports.
Cryosections
Inner medullae were excised and snap frozen in liquid nitrogen.
They were cut into 7 or 12 jim thick sections with a Reichert-Jung
cryostat (Nussloch, Germany) and stored at —20°C. Before use,
they were dried at room temperature for at least 20 minutes.
Fig. 2. (opposite page, top 2 panels, left column) Lipid staining of
cultured inner medullary cells. (A) Three days of primary culture of cell
fraction N3. Numerous cells exhibit prominent lipid droplets as demon-
strated by Sudan Ill staining and a fibroblast-like cell shape, suggesting
that these cells represent inner medullary fibroblasts (bright field, magni-
fication x760). (B) Three days of primary culture of cell fraction Ni. In
contrast to cells of fraction N3 almost no lipid droplets were detectable by
Sudan III staining (bright field, magnification x760).
Fig. 3. (opposite page, left column, bottom panel) Binding characteris-
tics of the lectin BSL-1 in rat inner medulla in vivo. Confocal image of a
cryosection of rat inner medulla, double stained with an antibody against
cytokeratin (Texas-Red) and FITC-labeled BSL-1. The tubuloepithelial
cells of the collecting duct (CD) and thin limb of Henle (arrows) are
positive for cytokeratin, whereas the cells of the interstitial space are
positive for BSL-l (magnification x760).
Fig. 4. BSL-1 positive inner medullary libroblasts in primary culture.
Staining of an eight day culture (fraction of collecting ducts) with the
lectin BSL-l (rhodamine), Red oil 0 (bright field) and anti-cytokeratin
(FTTC). Most of the strongly positive BSL-i cells (A) exhibit prominent
lipid droplets (B) (arrows). The cytokeratin staining shows a confluent
monolayer of collecting duct cells (C) (magnification X i140).
Fig. 5. Percentage of strong BSL-l positive cells, expressing either the
factor VIH-related antigen (C) or prominent intracytoplasmic lipid
droplets (U), classil'ing them as endothelial cells or inner medullary
fibroblasts. The remaining strongly positive BSL-1 cells expressed none of
the two markers. Weak BSL-1 positive cells were always negative for both
of them. The data of four-day-old primary cultures of the cell fractions N3,
in which IMF were most enriched, and IMCD, representing a coculture
condition with IMCD cells, are shown. (x SEM, N  30 per data point).
Immunohistochemistry
Cryosections or cells cultured on glass cover slides were washed
with PBS and fixed with acetone (—20°C, 15 mm). For staining
with the antiserum against the factor Vill-related antigen meth-
anol was used for fixation (4°C, 15 mm). Specimens were incu-
bated with the respective antibodies for 60 minutes at 37°C. A
negative control consisted of substitution of the primary antibody
with an irrelevant antibody of the same immunglobulin type.
Samples were washed with PBS and stained with an appropriate
FITC, rhodamine or Texas Red (for confocal microscopy) labeled
second antibody for 60 minutes at 37°C. Incubations with the
isoagglutinin anti-I were performed at 4°C overnight for 12 hours.
For lectin-staining, slides were incubated with the FITC- or
rhodamine-labeled lectin dissolved in PBS at a concentration of
30 jig/mI for 30 minutes at room temperature in the dark,
followed by a PBS-washing step. Nuclei were counterstained with
4',6-Diamidino-2-phenylindole (DAPI; S jig/mI stock in metha-
nol, 1:100 diluted with PBS before use; Sigma) for 15 minutes at
37°C. To prevent bleaching, slides were finally embedded with
Mowiol (Calbiochem, La Jolla, CA, USA), 10 wt/vol% in 25%
glycerol (pH 8,5 with Tris/HCI), and evaluated with a Zeiss
fluorescence-microscope (Oberkochen, Germany) as well as with
a Zeiss Laser scan microscope LSM 3.10 equipped with an argon
laser (488 nm) and a helium/neon laser (543 nm).
The following antibodies and lectins were used (dilutions are in
parentheses): anti-a-sm actin (directed against the a-actin iso-
form of smooth muscle, 1:20; Boehringer), anti-desmin (1:20,
Boehringer), anti-smooth-muscle antibody (recognizes smooth
muscle cells as well as dendritic cells of the thymus, 1:20;
Boehringer), anti-vimentin (clone V9 and Vim 3B4, 1:20; Boehr-
inger), anti-cytokeratin (1:20, Dakopatts, Glostrup, Denmark, or
C))
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1:5 Progen, Heidelberg, Germany), anti-factor Vill-related anti-
gen (1:20 Clotimmun®; Behringwerke AG, Marburg, Germany),
anti-CD 31 (1:10; Dakopatts), monoclonal anti-rat endothelium
(1:10; Serotec, Berlin, Germany), human cold isoagglutinin anti-I
serum (1:10; gift of Prof. Roelcke, Department of Immunhema-
tology, Heidelberg, Germany), bandeiraea simplicifolia-1 lectin
(BSL-1, 30 jig/mI; Sigma), dolichos biflorus agglutinin (DBA, 30
jig/mi; Vector).
Lipid staining
Cells cultured on glass coverslips were fixed in 4% (wt/vol)
paraformaldehyde containing 1% (wt/vol) CaCl2 (pH 7.4) for 120
minutes at 4°C. Different staining procedures were employed.
Cells were incubated in Sudan Black (0.1% wt/vol dissolved at
70°C in 70% ethanol and subsequently filtered) for 15 minutes at
room temperature, or in Sudan Red III (0.3% (wt/vol) dissolved
in 70% ethanol and subsequently filtered for 60 minutes at room
temperature. Alternatively, Red Oil 0 staining (0,5% wt/vol
dissolved in 98% isopropanol, and diluted prior to use with 4/6
parts of H20) was performed (60 mm). Slides were then rinsed
with decreasing concentrations of ethanol (50% ethanol, 25%
ethanol, PBS) and further processed according to the protocols
for the immunohistochemical staining.
Quantitative evaluation of the immunohistological staining
pattern
The expression of phenotypic markers was scored using the
following procedure. Each slide was independently examined by
three persons at a magnification of x400 in tripie-immunfluores-
cence (FITC/rhodamine/UV). Cell density (d) of the sample was
estimated by the number of DAPI-positive nuclei, with a value of
100% corresponding to a dense cell layer without any gaps.
Evaluating the DAPI-positive nuclei with the UV-filter, an area
with a representative cell density was placed within a frame of 100
jim X 100 jim, outlined in the ocular. By switching to the filters
for FITC- or rhodamine fluorescence, the absolute numbers of
fluorescing cells within this area were counted. Five representative
areas were counted per sample. The results of the three examiners
revealed a very high degree of conformity without any significant
differences; numbers were therefore pooled. To compare absolute
numbers of FITC- or rhodamine-positive cells between the re-
spective fractions, the average number of cells counted per area
was corrected for cell density by the formula: ncor = narea *
(100%/d), where ncor is the number corrected for cell density,
11area the number of cells counted per area and d the estimated cell
density in percent. The estimated cell density (d) correlated well
with the subsequently counted absolute numbers of DAPI-posi-
tive nuclei per area in randomized selected samples, and the
correlation coefficient r was > 0.97 for all fractions. In fraction N3,
for example, the cell density of 100% corresponded to 214 22.6
cells/area (N = 60).
Prostagiandin E2 production
Cells were preincubated for 30 minutes at 37°C in 290 mOsm
HEPES-Ringer's buffer, followed by a 30 minute incubation in the
same buffer containing the respective hormone or solvent. PGE2
production was measured as the amount of prostaglandin released
into the incubation buffer. At the end of the incubation the buffer
was completely removed and immediately diluted 1:1 with ice-cold
HEPES-Ringer's buffer containing 20 jig/ml indomethacin (Sig-
ma) and 1 mg/ml centrophenoxine (Sigma). Preincubation and
incubation of samples with the cyclooxygenase inhibitors reduced
PGE2 production to less than 10% of their respective control
values. Prostaglandin E2 was determined with an 1251 radioimmu-
noassay (New England Nuclear, Dreieich, Germany). Cross-
reactivity of the antibody for PGA2, PGF2 and arachidonic acid
was 0.4, <0.01 and < 0.001%, respectively.
cAMP determination
Preincubation and incubation of cells for determination of
intracellular adenosine 3',S'-cyclic monophosphate (cAMP) was
performed under similar conditions as for the PGE2 measure-
ments, with the exception that all incubation buffers contained 1
mM 3-isobutyl-1-methylxanthine (IBMX; Sigma). Incubation was
stopped after 15 minutes by the complete removal of the incuba-
tion medium and the addition of 500 jil ice-cold 3% trichloroace-
tic acid (TCA) to the cells. The TCA was extracted four times with
water-saturated diethylether (5:1) and the cAMP determined by
125J radioimmunoassay (New England Nuclear). Recovery of
cAMP was about 95%. The titration curve was linear from
approximately 1 to 20 pmol cAMP.
Protein determination
Prostaglandin E2 and cAMP measurements were adjusted for
protein. Protein was determined by the Lowry method [14].
Statistical analysis
Unless otherwise specified the results are expressed as mean
5EM. Depending on the experimental design, statistical analysis
was performed using the Student's t-test for paired or unpaired
observations or the analysis of variance (ANOVA). Groups found
to be different were further analyzed by the Newman-Keuls test.
Statistical significance was considered as P < 0.05.
RESULTS
Hormonal stimulation pattern
The response of prostaglandin E2 (PGE2) production and
intracellullar adenosine 3' ,5 '-cyclic monophosphate (cAMP) to
various hormonal stimuli was examined in four-day-old primary
cultures of the cell fractions derived from inner medulla (Ni to
N3, IMCD), in order to evaluate in which fraction the inner
medullary fibroblasts (IMF) were enriched. According to studies
on subcultured IMF [15] angiotensin II, bradykinin and arginine-
vasopressin (AVP) stimulate PGE2 synthesis in this cell type. As
shown in Table 1, we observed a significant stimulation of PGE2
production by all of these hormones exclusively in fraction N3.
This hormonal stimulation pattern differed from that of all other
inner medullary cell fractions. For instance, AVP stimulated
PGE2 production both in fraction N3 and that of the collecting
ducts (IMCD), whereas this hormone significantly enhanced
intracellular cAMP exclusively in the latter cell fraction. These
results indicated that there was an enrichment of IMF in cell
fraction N3.
Phenotypic characterization of inner medullary fibroblasts
Lipid droplets. A phenotypical characteristic of IMF in the
intact inner medulla is their large cytoplasmic lipid droplets. Lipid
staining of three-day-old primary cultures of the different cell
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fractions by various techniques (Red Oil 0, Sudan Red, Sudan
Black) consistently showed an enrichment of cells containing
prominent lipid droplets in fraction N3 (Fig. 2). In agreement with
the studies on the hormonal stimulation pattern, these observa-
tions suggested an enrichment of IMF in N3. However, double
staining with markers for epithelial cells like cytokeratin revealed
that cells of the collecting duct and the loop of Henle also
contained lipid droplets of considerable size (data not shown),
thereby excluding lipid droplets as a single criterion for the
identification of lipid laden inner medullary fibroblasts. We
therefore evaluated further potential markers for IMF in vitro.
Immunohistochemical markers of inner medullaty fibroblasts. In
Table 2 the immunohistochemical criteria for the discrimination
and identification of the inner mcdullary cell types—fibroblasts
(IMF), endothelial cells, collecting ducts (IMCD) and thin limb of
Henle (tLH)—are summarized. IMF were identified by their
positive-reaction with the lectin bandeiraea simplicifolia-1 agglu-
tinin (BSL-1) and their negativity for endothelial cell markers like
the factor VIII related antigen or CD 31. Lectin BSL-1 reacted in
the inner medulla exclusively with cells of the interstitium and
vasculature including components of the intercellular substance,
whereas the tubular cells of the IMCD and tLH were completely
negative (Fig. 3). In contrast, these tubular cells were consistently
positive, both in the intact inner medulla and in culture, for
epithelial cell markers like cytokeratin and the lectin DBA
(IMCD), or the human cold agglutinin anti-I (tLH). In the first
three days of primary culture some of the tubular cells appeared
to be positive for BSL-1 due to the fact that parts of the BSL-1
positive cells disrupted during the isolation procedure, and some
intercellular substance still adhered to the tubular cells. After day
3 we observed that cells were exclusively positive either for BSL-1
or for cytokeratin. The binding pattern of BSL-1 resembled that of
vimentin. In contrast to BSL-1, tubular cells became increasingly
positive for vimentin with the duration of culture as evaluated by
double labeling with epithelial cell markers, excluding vimentin-
staining for the discrimination between inner medullary cell types
in culture.
a-Smooth muscle actin and desmin were exclusively expressed
in the intact inner medulla by pericytes accompanying the med-
ullary vessels, as evaluated by double labeling with an antiserum
directed against the endothelial marker FVIII related antigen.
These pericytes were only detectable in a small area close to the
outer medulla. This area was omitted for cell preparation.
Inner medullaiy fibroblasts in primary culture. The immunohis-
tological evaluation of the cells reacting with BSL-1 revealed that
in primary culture two major groups had to be discriminated:
strongly positive BSL-1 cells, which were relatively small, and
weakly positive BSL-1 cells, which were usually large and wide-
spread.
The expression of prominent lipid droplets (Fig. 4) and endo-
thelial cell markers was exclusively observed in strongly but not
weakly positive BSL-1 cells. In Figure 5 the relative distribution of
these parameters in strongly positive BSL-1 cells in four-day-old
primary cultures is shown. The number of endothelial cells
decreased continuously under the applied culture conditions, and
after 14 days cells positive for the endothelial cell markers factor
VIlI-related antigen or CD3 1 were not detectable in any of the
fractions.
The proportion of strongly positive BSL-1 cells containing
prominent lipid droplets decreased likewise in culture. On day 4
of primary culture a significantly higher percentage of strongly
positive BSL-1 cells retained lipid droplets (39 4%) than in
fraction N3 (19 4%, P < 0.05). However, after 20 days about
10% of the strongly positive BSL-ll cells in all fractions still
contained prominent lipid droplets.
Exclusively in a group of strongly positive BSL-1 cells that were
negative both for prominent lipid droplets and endothelial mark-
ers, we observed cells developing cytoplasmic foot processes. We
termed these transitional cells. They enlarged until they exhibited
the cell shape of widespread, weakly reacting BSL-1 cells (Fig.
6A).
Inner medullary fibroblasts (IMF) characterized as positive for
the lectin BSL-1 and negative for endothelial markers were most
enriched in fraction N3 to about 40% of the total cell number on
day 12 of culture. In the other fractions the percentage of IMF
was below 10%.
To quantitatively evaluate the changes in BSL-1 reacting cells,
we counted their numbers within a standardized observation area
at different time points during the first 20 days of culture (Fig. 7).
As a parameter for the transition of strongly to weakly positive
BSL-1 cells we used the ratio of weak/strong BSL-1-positive cells.
In all cell fractions derived from the inner medulla this ratio was
similar on day 4, ranging between 1.19 and 1.38. In fraction N3 the
ratio of weak/strong BSL-1-positive cells markedly increased to
13.9 on day 12, reflecting the decrease of strongly positive BSL-1
cells and the increase of weakly positive BSL-1 cells during this
period. In contrast, in coculture with IMCD cells an increase of
the number of strongly positive BSL-1 cells was observed, result-
ing in a decline of the ratio on day 12 to 0.26. However, plating
IMCD cells in these cocultures at decreasing densities resulted in
a shift from strongly to weakly positive BSL-1 cells. As shown in
Figure 8 the ratio of weak/strong positive BSL-1 cells increased to
1.4 and 6.8 by reducing the plating density of IMCD to 1/3 and 1/9,
respectively, in 20-day-old primary cultures. In undiluted IMCD
the ratio was 0.49 at this time point. These findings suggested that
the transition of strongly to weakly positive BSL-1 inner medullary
fibroblasts could be significantly modified by culture conditions.
Expression of a-sm actin and desmin. Exclusively the weakly
positive but never the strongly positive BSL-1 inner medullary
fibroblasts displayed a de novo expression of the myofibroblast
markers a-sm actin and desmin in primary cultures of the inner
medulla (Fig. 6 B, C). Cultures were completely negative for both
of these markers during the first two days. As shown in Figure 9
the expression of these intermediate filaments sharply increased
from day 3 in primary culture and reached a plateau at day 8.
During the following observation interval until day 20, a relatively
constant percentage of weakly positive BSL-1 cells were also
positive for a-sm actin (about 90%) and desmin (about 70%).
Double labeling of cultures with anti-a-sm actin and anti-desmin
revealed that of the cells expressing these intermediate filaments,
60% expressed both, 30% exclusively a-sm actin and 10% exclu-
sively desmin. The expression of a-sm actin and desmin in weakly
positive BSL-J IMF was not markedly influenced by a coculture
with IMCD cells, in contrast to the aforementioned effect of this
condition on the transition of strongly to weakly positive BSL-1
cells. Culturing cells in a serum-free medium from the time of
plating had no significant effect on the expression of a-sm actin
and desmin by weakly positive BSL-1 cells. To exclude the
possibility that the expression of a-sm actin and desmin was due
to contamination by pericytes occurring at the border between the
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Fig. 6. Transformation of inner medullary fibroblasts into myofibro.
blasts in vitro. (A) Eight-day primary culture incubated with BSL-1-
rhodamine. Several strongly positive BSL-1 cells could be observed that
developed cytoplasmic processes of variable size (arrows). Concomitantly
the intensity of the BSL-1 staining decreased. We termed these cells
transitional forms (magnification ><760). (B and C) Double-fluorescence
image of a 12-day primary culture incubated with anti-a-sm actin (rhoda-
mine) and BSL-1 (FITC). Exclusively the widespread, weakly positive
BSL-1 cell (arrow) showed a phenotypical expression of a-sm actin (C),
whereas the stronger BSL-1 positive cells were negative (B) (magnification
x760).
medulla) from which the cell preparation was derived. Figure 10
proposes a scheme for the transformation of IMF to myofibro-
blasts, summarizing our findings.
Subcultured inner medullaiy cells. The cell population obtained
by subculturing the fraction N3 after two passages was completely
negative both for tubuloepithelial and endothelial cell markers.
Subcultured cells exhibited a homogenous phenotype: they had a
fibroblast-like shape, were weakly positive for the lectin BSL-1
and strongly positive for a-sm actin. Desmin expression was weak
but clearly visible. It decreased with the ongoing number of
passages and after 10 passages was no longer detectable, whereas
positivity for a-sm actin remained strong. Both in subculture as
well as in primary culture IMF remained consistently negative for
an antibody against smooth muscle cells, which reacted, for
instance, with smooth muscle cells of the cortex. Subcultured cells
contained only few, small lipid droplets.
DISCUSSION
outer and inner medullas, the expression of these parameters was
examined in preparations derived exclusively from either the tip
or the base of the inner medulla. No differences were observed.
The proportions of the different forms of BSL-1 positive cells
were similar irrespective of the area (tip, base or whole inner
The aim of this study was the phenotypic characterization of rat
renal fibroblasts during the transition from in vivo to in vitro as a
basis for the examination of various functional aspects of this cell
type under defined conditions in vitro. Fibroblasts are involved in
B the modeling of extracellular matrix, in the production of regula-
tory substances and in immune processes [9, 161, but many of
these functions are incompletely understood. They play a key role
in the pathogenesis of interstitial fibrosis.
Phenotypical characteristics of renal interstitial cells
Renal interstitial cells do not consist of a homogenous cell
population, but include fibroblasts, pericytes, dendritic cells and
lymphocyte-like cells [8—101. The fibroblasts represent the most
frequent interstitial cell type in the cortex, and in the inner
medulla the unique interstitial cell type [12, 17]. Fibroblasts of the
cortex and the inner medulla are similar in many respects, for
example, in their ultrastructure. However, differences also exist
between these two cell populations. They differ in their mitotic
lifespan [18], the presence of prominent intracytoplasmic lipid
droplets (only IMF) and ecto-5'-nucleotidase activity (only corti-
cal fibroblasts) [19]. However, both cortical [2, 20] and, as we
demonstrate in this study, inner medullary fibroblasts possess the
C potency to transform into myofibroblasts.Reliable identification and estimation of the portion of fibro-
blasts in cultures containing different cell types exclusively by cell
shape using light microscopes or phase contrast proved to be
impossible according to our experience. Receptors for platelet-
derived growth factor (PDGF) [21] and nerve growth factor
(NGF) [22] and the expression of FSP-1 [23] are regarded as
relatively selective markers for renal fibroblasts. However, their
coo
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Fig. 7. Absolute number of strongly positive
BSL.1 cells counted within an area of 100 X
100 .tm in cell fractions derived from rat inner
medulla at the time points 4, 12 and 20 days of
primary culture (A). The data of the cell
fractions N3 (A), in which IMF were most
enriched, and IMCD (*), representing a
coculture condition with IMCD cells, are
shown. Numbers were corrected for cell density
as described in the Methods section. (B)
Absolute number of weakly positive BSL-l
cells/area. Note the different scales of the y-axis
between (A) and (B). (C) Ratio of weak/strong
BSL- I positive cells. This ratio was considered
to be a parameter for the transition of strongly
to weakly positive BSL-1 cells.
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expression may vary depending on the status of the fibroblast,
whereby that of FSP-1 was also seen in tubular cells under certain
conditions. The expression pattern of these markers in IMF in
particular has not been reported thus far. Angiotensinase A could
be demonstrated in fibroblasts and also in endothelial cells of the
inner medulla [241.
We report in the current study that the lectin BSL-1, which
C
4 12 20
Days in primary culture
4 12 20
binds specifically to a-D-galactose [25], reacts in the inner me-
dulla exclusively with interstitial and endothelial cells, but not with
tubular epithelial cells. Cortical fibroblasts reacted likewise with
this lectin, however, and also with parts of the proximal tubulus
(data not shown). The binding pattern of BSL-1 in the intact inner
medulla corresponds to that of vimentin. In culture, reactivity with
BSL-1 remained confined to these cell types and was preserved
1288 Grupp et at: Characterization of inner medullay fibro blasts
4 12 20
Days in primary culture
Fig. 8. Effect of the plating density of IMCD cells in cocutture with BSL-1
positive cells on the ratio of weak/strong BSL.1 positive cells. By reducing
the plating density to 1/3 and 1/9, an inverse increase of the ratio was
observed, suggesting that the transition of strongly to weakly positive
BSL-1 inner medullary fibroblasts could be modified by culture conditions(N  30 per data point). Symbols are: (•) IMCD 1:1; (L:;) IMCD 1:3; (A)
IMCD 1:9.
even in subcultured IMF. In contrast, a coexpression of vimentin
and cytokeratin in tubular cells, also reported in fetal or diseased
kidneys [26, 271, was observed after a few days of primary culture,
thus excluding vimentin as a discrimination marker. Therefore,
reactivity with BSL-1 proved to be the decisively positive criterion
to identify interstitial cells, even between a vast majority of
tubuloepithelial cells in primary cultures.
Since the strongly positive BSL-1 cell population also com-
prised endothelial cells, the fate of these cells had to be consid-
ered. We observed a continuous decrease of endothelial cells in
primary culture independently from the marker. This finding is in
good agreement with the observation that endothelial cells in
mixed cultures are usually rapidly overgrown by other cell types,
whereas in pure cultures of endothelial cells, markers like the
factor Vill-related antigen are expressed over many passages [28].
Fibroblasts in mixed cultures show the opposite behavior in that
they usually overgrow the other cell populations. We therefore
assume that the rapid decrease of endothelial cell markers
actually reflects the disappearance of endothelial cells under the
applied culture conditions.
Differentiation of inner medullary fibroblasts
Our observation of a de novo occurrence of myofibroblasts in
primary cultures raises the question of whether the observed
effects are really explained by the transformation of inner medul-
lasy fibroblasts to myofibroblasts or due to different cellular
subpopulations. The following points argue for a transformation
of the BSL-1 positive IMF. (i) We morphologically observed many
stages of intermediate forms, documenting the gradual transition
from strongly positive BSL-1 IMF containing prominent lipid
droplets to weakly positive BSL-1 myofibroblasts. (ii) These
changes could be most clearly observed in cell fraction N3, which,
according to the biochemical and immunohistochemical studies,
showed the highest enrichment of IMF. In this fraction the
decrease in strongly positive BSL-1 cells was accompanied by a
sharp increase of the weakly positive BSL-1 cells. (iii) The effect
of a coculture with IMCD cells plated at different densities on the
numbers of strongly and weakly positive BSL-l cells could be best
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Fig. 9. Phenotypic expression of a.smooth muscle (a.sm) actin and
desmin in weakly positive BSL-1 inner medullary fibroblasts, classi1'ing
these as myofibroblasts. During the first two days in primaty culture, all
inner medullary cells were completely negative for these two parameters(N  30 per data point). Symbols are: (A) N3; (U) IMCD. (A) Percentage
of a-sm actin positivity of weakly positive BSL-1 cells in cell fractions N3,
in which IMF were most enriched, and IMCD, representing a coculture
condition with IMCD cells, are shown. No significant difference in the
percentage expression was observed in the two populations. (B) Corre-
sponding numbers to A for desmin.
explained by an impact of this condition on the transformation of
strongly to weakly positive BSL-1 cells. It appears unlikely that
such a maneuver influences the growth of potential subpopula-
lions differently. (iv) The results of our observations were similar
irrespective of the area from which the cell preparations were
derived (papillary tip, base or whole inner medulla). This suggests
that the cell type(s) involved are equally distributed within the
inner medulla. This is true for inner medullaiy fibroblasts. (v) The
different expression patterns of intermediate filaments in weakly
positive BSL-1 cells (both a-sm actin and desmin, exclusively a-sm
actin, or exclusively desmin) do not support the existence of
different myofibroblast subtypes. These patterns are in good
agreement with the findings of Gabbiani [29], who reported the
occurrence of these different phenotypes in myofibroblasts after
subcloning skin fibroblasts.
The differentiation of lipid-laden inner medullary fibroblasts to
myofibroblasts shows a striking similarity to that of the lipid
containing fibroblasts of the liver, the so-called perisinusoidal
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Fig. 10. Proposed scheme for the phenotypic transformation of rat inner
medullary fibroblasts (IMF) to myofibroblasts. Strongly positive BSL- 1
IMF first lose their prominent lipid droplets, and cells spread accompa-
nied by a decrease of their reactivity for BSL-1. In the presence of IMCD
cells, symbolized by an arrow, this step was almost completely blocked.
Exclusively the weakly positive BSL-1 cells showed a de nova expression of
the intermediate filaments a-sm actin and desmin, classifying them as
myofibroblasts.
stellatc cells or ito-cells, which are supposed to play a key role in
liver fibrosis [301. During chronic liver injury in viva or in vitro,
these cells transform into activated "transitional cells," character-
ized by a loss of the intracytoplasmic lipid droplets and a de novo
expression of a-sm actin and desmin [31].
Factors influencing myofibroblast formation
Since the de novo or enhanced interstitial appearance of
myofibroblasts represents a hallmark of chronic pathological
processes not only in the kidney [2, 3], but also in the liver [301 and
lung [32], the examination of factors influencing this process is of
great importance. It has been shown that transforming growth
factor 13 [31, PDGF [341 and heparin [33] increase and y-
interferon decreases a-sm actin expression of myofibroblasts,
whereas other cytokines like bFGF or TNFa, despite their
profibrotic activity, do not induce a-sm actin in myofibroblasts
[33]. a-sm actin expression is also modulated by the extracellular
matrix [33].
We report, for the first time, that differentiation of fibroblasts to
myofibroblasts depends on culture conditions, for example, cocul-
ture with tubuloepithelial cells. At present, the mechanisms
underlying this observation are unclear. In this respect a paracrine
interaction between interstitial and tubuloepithelial cells or fac-
tars influencing cell adhesion should be considered. This model
may serve as a useful tool to examine the mechanisms leading to
myofibroblast formation. It should allow the in vitro study of the
process of enhanced myofibroblast formation observed in various
in viva rat models such as experimental hydronephrosis [20, 35],
and spontaneous [36] or angiotensin II mediated hypertension
[371. Since increased collagen gene expression was found to be
associated with myofibroblast formation [33], this model should
allow the examination of the consequences of such a transforma-
tion on the various functional aspects of inner medullary fibro-
blasts under defined conditions in vitro.
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APPENDIX
Abbreviations are: IMF, inner medullary fibroblasts; a-sm actin, alpha-
smooth muscle actin; EC, endothelial cells; IMCD, inner medullary
collecting duct; tLH, thin limb of Henle's loop; lectin BSL-l, bandeiraea
simplifolia-1 lectin; wt/vol, weight/volume; Ni - N3, "niveau," Nycodenz
solution gradient densities (see Methods); POE2, prostaglandin E2;
cAMP, adenosine 3,5-cyclic monophosphate.
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